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The room-temperature Stark splitting properties of Yb3 are practical and valuable for lasers because the working
temperature of the gain media intensively increases with the laser output. In this Letter, the room-temperature Stark
splitting properties of Yb3 in several popular laser glasses are contrastively studied. Yb3-doped germanate (Ge),
borate (B), silicate (Si), bismuthate (Bi), tellurite (Te), and fluorophosphate (FP) glasses exhibit large Stark splitting
and tend to operate close to the quasi-four-level scheme, whereas phosphate (P) glass shows the weakest Stark
splitting and tends to operate close to the quasi-three-level one. Due to the low thermal conductivity of the glass
matrix, Yb3-doped P glass suffers from serious thermal problems and is difficult to achieve high laser output. The
Stark splitting is also used to estimate the crystal-field strength of glass hosts and local Yb3 ligand asymmetry
degree. The results show that P glass shows weaker crystal-field effect and lower Yb3 ligand asymmetry than
Ge, Si, and B glasses. © 2014 Optical Society of America
OCIS codes: (140.3615) Lasers, ytterbium; (140.6810) Thermal effects; (160.2750) Glass and other amorphous
materials; (300.6170) Spectra.
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Yb3-doped lasers have obtained significant achieve-
ments in civil and military applications [1–5]. More than
6 kw laser is demonstrated in a single Yb3-doped fiber
[6], and a multi-10 TW Yb3-doped laser is also realized
in glass [7]. A small Stark splitting of the Yb3:2F7∕2 level
will lead to a Yb3 laser operating under a quasi-
three-level scheme, which will result in a difficult popu-
lation inversion and heavy thermal blocking effect in
the laser system. Since the fundamental and terminal
laser levels belong to the same manifold 2F7∕2 [8], glass
with large Stark splitting of the 2F7∕2 level is preferred as
a Yb3-doped laser host. Although the low-temperature
spectra of Yb3 provide clear energy level situations, the
room-temperature Stark splitting is practical and valu-
able to the laser operating status because the tempera-
ture of the gain media increases with the laser output
significantly. Thus, the Stark splitting property of Yb3
in various glass hosts at room temperature is an interest-
ing topic. The room-temperature Stark splitting
properties of Yb3 in bismuthate, silica, and boro-alumi-
nosilicate glasses have been reported [9–14]. Our study
originates from our solid-state laser experiment, in which
Yb3-doped phosphate glass [15] with a high emission
cross section and long emission lifetime experiences
difficulty in realizing laser output at room temperature
compared with fluorophosphate (FP) glass [16]. To inves-
tigate the result and to compare the characteristics of
Yb3 in several well-known laser glasses further, a sys-
tematic Stark splitting investigation of Yb3 is studied
in our Letter. The results will provide an obvious clue to
the Stark splitting differences of Yb3 and a correct guid-
ance for the possible Yb3-doped laser properties in
these glasses to a certain extent. The barycenter plot
is used to observe the deviation of the glasses from
the standard line, thus providing a direct impression of
Stark splitting differences in the glasses. Stark splitting
data are also used to estimate the crystal-field strength
and the asymmetry degree of Yb3 in the glasses. Yb3-
doped bismuthate (Bi), tellurite (Te), germanate (Ge),
silicate (Si), borate (B), phosphate (P), fluoride (F), and
FP glasses have been prepared according to the nominal
compositions listed in Table 1.
Samples were cut and polished to 10 mm × 10 mm ×
1 mm for optical property measurements. The absorption
spectra were recorded with Lambda 900 UV/VIS/NIR
spectrophotometer (PerkinElmer Inc., USA). The emis-
sion spectra were measured by a FLSP920 spectro-
fluorimeter (Edinburg Co., UK) with an 896 nm pump.
All data were obtained at room temperature.
Figures 1(a) and 1(b) exemplarily show the absorption
and emission spectrum of Si glass, respectively, with
the manifolds of Yb3 derived from Lorenz fitting of the
corresponding absorption and emission spectrum. The
Stark levels of Yb3 are labeled from “a” to “g.” The mani-
folds of Yb3 in other glasses are obtained through the
same way and plotted in Fig. 2.
The energies of the “d” level are over 830 cm−1 in Ge,
Si, and B glasses, and larger than 720 cm−1 in Bi, Te, and
FP glasses. P shows the lowest value of 596 cm−1. The
crystal-field strength and asymmetry degree local Yb3
Table 1. Nominal Compositions of the Yb3-doped
Laser Glasses
Glass Nominal Composition (mol. %)
Bi 55Bi2O3-28H3BO3-10SiO2-7Ga2O3-1.5Yb2O3
Te 70TeO2-17WO3-8La2O3-5Na2O3-1.5Yb2O3
Ge 55GeO2-20PbO-15BaO-10ZnO-1.5Yb2O3
Si 55SiO2-30PbO-15Al2O3-1.5Yb2O3
B 58H3BO3-27BaO-15La2O3-1.5Yb2O3
P 70P2O5-10H3BO3-10BaO-3Al2O3-3Nb2O5-4K2O-1.5Yb2O3
F 54ZrF6-20BaF2-20NaF-3LaF-3AlF3-3YbF3
FP 15AlPO33-10MgF2-10CaF2-17SrF2-35BaF2-
8Ga2O3-5AlF3-3YbF3
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influences the spectroscopic properties of Yb3 deeply in
different laser glasses [17]. Ge, Si, and B glasses show
great “d” level values, which can be associated with
strong crystal-field effect and high asymmetry around
Yb3 in them. Moreover, a large “d” level value represents
a long laser output wavelength [9,15,18]. As shown in
Fig. 2, with great “d” level values, Ge, Si, and B glasses
show long laser output wavelengths. According to the
research of Haumesser et al. [19], the crystal-field inter-
action of the 2F7∕2 and 2F5∕2 levels (called J-mixing) in-
creases energy separation between the two manifolds.
This energy difference of Yb3 between 2F7∕2 and 2F5∕2
levels (∼10; 200 cm−1) is sufficiently large to neglect
the J-mixing to a good approximation. This phenomenon
indicates that energy separation between the 2F7∕2 and
2F5∕2 levels can be considered as a constant regardless
of the hosts, and is equal to the spin-orbit splitting
measured for free ion (theoretical line). The barycenter
of the 2F5∕2 level versus that of the 2F7∕2 level was
plotted (Fig. 3).
Ge and P glasses with the largest and smallest Stark
splitting, respectively, deviate from the normal line (free
ion), whereas Te, FP, and F glasses are near the free ion.
Moreover, compared with Te, Bi, FP, and F, P has almost
equal 2F5∕2 Stark splitting with them but much lower
2F7∕2 Stark splitting. The barycenter plot clearly presents
the differences of the Stark splitting in these glasses.
The crystal-field strength of different glasses is difficult
to determine because of the complicated compositions
of the glasses. However, the crystal-field strength of the
glasses can be estimated by the Stark splitting of Yb3.
Consequently, the crystal-field differences of each glass
can be roughly compared, which can provide the guid-
ance for the crystal-field properties of the glass systems.
According to references [20,21], the effect of crystal-
field strength is analyzed by the value of the scalar
crystal-field parameters NJ in these glasses, as follows:
ΔEJ

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
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where ga is the degeneracy lifted by the crystal field
and g is the total degeneracy of the 2s1LJ level. ΔEJ rep-
resents the maximum splitting of the J level, and matrix
elements J‖Ck‖J in Eq. (1) can be calculated according
to reference [21]. For Yb3:2F7∕2, Eq. (1) can be practi-
cally written as
ΔE7∕2  0.245NJ: (2)
Based on the ΔE7∕2 value in Fig. 3 and Eq. (2), the
scalar crystal-field parameter NJ of the glasses is calcu-
lated in the sequence from Bi to FP, as shown in Fig. 4(a).
Obviously, a large difference exists in the crystal-field
strength of the glasses. The crystal-field strength of the
studied glasses follows the sequence of ‘Ge > Si > B >
Bi > FP > Te > F > P’.
The ratio of the energy gap between “e” and “f ” to
the Stark splitting energy of 2F5∕2 can be used to charac-
terize the departure of the Yb3 ligand from the octahe-
dral symmetry [22]. The asymmetry of the Yb3 ligand is
determined by the local environment around it, which re-
flects the action intensity of the host to the Yb3 ligand.
Figure 4(b) shows the asymmetry degree of Yb3 in these
glasses, which roughly indicates that the Yb3 ligand is
more asymmetric in Ge, Si, B, and Te glasses than those
in Bi, P, F, and FP glasses.
The operation scheme of Yb3 is strongly dependent
on the Stark splitting of the 2F7∕2 level. In the case of
Fig. 1. (a) Absorption and (b) emission spectrum of Yb3 in
silicate glass. Inset is the Stark splitting levels of Yb3 obtained
from the best fit of absorption and emission spectrum of Yb3,
respectively.
Fig. 2. Manifolds of Yb3 derived from the Lorenz fitting of the
absorption and emission spectrum of Yb3 in studied glasses.
Fig. 3. Barycenter plot of the 2F5∕2 versus the 2F5∕2 levels in
studied glasses. Solid line shows the theoretical line.
Fig. 4. (a) Scalar crystal field parameter NJ of studied glasses
and (b) asymmetry degree around Yb3 in studied glasses.
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small Stark splitting of the Yb3:2F7∕2 level, the operating
scheme of the Yb3 laser is close to a quasi-three-level
scheme. Whereas, in the case of large Stark splitting of
the Yb3:2F7∕2 level, the operating scheme of the Yb3
laser is close to a quasi-four-level scheme, with smaller
pumping threshold and weaker harmful thermal prob-
lems compared to the quasi-three-level scheme. Theoreti-
cally, the second Stark energy level of 2F7∕2, “c,” is
typically considered as the terminal laser level [13], the
lasing wavelength of which varies from 1000 to 1024 nm,
corresponding to the peak of fluorescence wavelength.
The energy gap between “c” and “b” is beneficial for
the depopulation of “c” as well as for alleviating the ther-
mal blocking of “c.” The highest Stark splitting energy of
2F7∕2 level Ed, the gap between “b” and “c” ΔEb-c, and the
peak emission wavelength λp of the studied glasses are
summarized in Table 2. In addition, ion concentration
of Yb3 (NYb3) in all glasses is also calculated and listed.
P has the smallest Ed and ΔEb-c values, which leads to
low power and low efficiency of Yb3-doped P glass
and indicates that thermal problems will be more serious
in Yb3-doped P glass than in the other Yb3-doped
glasses. Actually, “c” and “b” degenerate under laser op-
eration if the two levels are near. Meanwhile, compared
with the peak fluorescence wavelength, Yb3-doped
lasers tend to shift to a longer wavelength, such as
1050 nm in FP, 1060–1070 nm in Si and Bi, and 1030 nm
in P [9,15,16,18,23]. Furthermore, the intense red shift
phenomenon indicates that the largest Stark splitting
level “d” is an important factor in Yb3-doped lasers. A
high “d” can make the system operate close to the
quasi-four-level scheme, bringing easy laser output and
low thermal blocking. Based on this argument and all
the analyzed data presented earlier, Yb3-doped Ge, B,
and Si glasses operate close to the quasi-four-level
scheme; Bi, Te, and FP tend to behave in the same man-
ner; whereas Yb3-doped lasers probably operate close
to the quasi-three-level scheme in P glass because P has
apparently low and narrow Stark splitting levels. Com-
bined with the low thermal conductivity of the glass
material, it can be explained why it is difficult to achieve
higher laser output, even below room temperature, with
solid-state Yb3:P glass despite high emission cross
section and lifetime, while Yb3:FP glass, with lower
emission cross section and lifetime, can obtain higher
laser output [15,16,18].
In summary, the Stark splitting properties of Yb3 at
room temperature in eight popular laser glasses were
studied. Results show that Si, Ge, and B possess much
larger 2F7∕2 Stark splitting and P has the smallest. Bary-
center plot indicates that Ge and P exhibit the largest
deviation from the theoretical line. Stark splitting results
show that Yb3-doped Ge, B, Si, Bi, Te, and FP glasses
tend to operate close to a quasi-four-level scheme, and
P probably operates close to a quasi-three-level scheme.
The crystal-field strength of the studied glasses follows
the sequence of Ge > Si > B > Bi > FP > Te > F > P,
whereas the asymmetry degree around Yb3 shows the
sequence of Ge > Si > Te > B > Bi > FP > P > F.
Therefore, Yb3-doped P glass has serious thermal-
blocking problems and it is difficult to achieve high laser
output and high efficiency with it. If the Stark splitting of
Yb3 can be enlarged in P glass through the composition
adjustment, the lasing property of solid-state Yb3-doped
P glass might be improved apparently.
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Table 2 Ion Concentration of Yb3 (NYb3), Highest Stark Splitting Energy of
2F7∕2 Level (Ed), Gap Between “b”
and “c” Levels (ΔEb-c), and Peak Emission Wavelength (λp) of the Studied Glasses
Sample Bi Te Ge Si B P F FP
NYb3 (×10
20 ions∕cm3) 2.35 2.76 3.26 3.45 2.72 1.77 4.22 4.63
Ed (cm−1) 758 722 901 874 830 596 624 734
ΔEb-c (cm−1) 213 223 193 223 206 100 196 234
λp (nm) 1024 1006 1022 1024 1018 1004 1008 1004
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